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Momuseayus u yenb: COBpEeMEHHBIE HCCIEIOBAHMS ITOJUYEPKUBAIOT JTUHAMHYECKOE
B3aMMOJCHCTBAE MEXJy MHKPOOMOTON KHUIIEYHHKA W WMMYHHOW CHCTEMOM.
NmmyHHBIE (aKTOpBI, BKIIOYAsh MUTOKHUHBI, OKA3bIBAIOT 3HAYMTENBHOC BIIMSHHUE Ha
pasHooOpa3ue KHIIeYHOH MUKPOOUOTBI, BIIHSISL Ha €€ COCTaB M (PYyHKIIMOHAIBLHOCTD, YTO,
B CBOIO OUepe/lb, BIMACT Ha 3710pOBbe U MMMyHHTET. Oc000e BHUMaHHE CTOUT yJEIHTh
makrobampuaM W OudumodakTepusM, OONATAIONIMM BBIPRKEHHBIMH HMMYHO-
MOJYJIMPYIOLUIMMHU CBOHCTBAMHU. DTH MUKPOOPTaHU3MBI aIalITUPYIOTCS K BO3JICHCTBUIO
IIUTOKWHOB, YTO CHOCOOCTBYET WX BBDKMBAHHIO M (DyHKIMOHHPOBAHUIO B KUIICYHON
cpene. JlaHHOe WcClieOBaHME HAINPABICHO HA IIOHMMAaHUE MEXaHW3MOB B3aHMO-
JeHCcTBUST MUKPOOMOTHI M OpraHU3Ma XO3sIMHA, PacCMaTpuBasi MUKPOOPTaHM3MbI HE
TOJIBKO KaK BO3MOXXHBIX MHIMKATOPOB M3MEHEHUI B COCTOSHHM XO3iWHA, HO M Kak
aKTHBHBIX YYaCTHHKOB B HWMMYHHOM OTBET€. JTO OTKPHIBAET HOBBIC MOAXOABI K
peryasiiud UMMYHHOW CHUCTEMBI 4Yepe3 MaHWUMYISIUI0 MHUKPOOHMOTHI W Tpejajaract
HOBBIC CTpATeTvH AJIsl yIYUIICHHS 310POBbs denoBeka. OHAKO KIIOUYEBbIM acleKTOM
paboTHI ABIISETCS H3YUCHHE IBYCTOPOHHEH CHCTEMBI IIepeladll CUTHAJIOB, Pa3BUBIIMXCS
B Tpoliecce KOIBOJIOIHMM OpraHM3Ma XO3SMHAa W ero MHKpOOHMOTHL. B wactHOCTH,
UCCIIEIYIOTCS KOPOTKHE MENTH/IHBIE TIOCIIEI0BATEIbHOCTH — IIATOKHHBI, KOTOPBIE MOTYT
CHUTHAJIM3UPOBATh O BOCHAIMTEIBHBIX IPOIECCaX W TMO3BOJATE MHKpPOOHOTE
a/IalITUPOBATBCS K TPEJCTOSIIEMY HMMYHHOMY OTBETY, TEM CaMbIM CIOCOOCTBYS €€
BBDKUBAHUIO.

Memoowr u ancopummor: B manHo#t padore ucrmonas3oBaim mramm L. rhamnosus K32
(GenBank JNNV000000). KyneruBupoBanue mpoBomawiu B OyiaboHe Lactobacillus
MRS Broth (HiMedia) mpu 37 °C B amaspobusix yciosusx (HiAnaerobic System,
HiMedia). Hounyro kysbpTypy mrtaMma pa3Bouiiu B cootHomeHud 1:100 B 2 Mit cpebl.
OKcrepuMeHTaNbHbIe 00pa3ibl 00padaThiBaId THOPHIN3UPOBAHHBIMU PEKOMOMHAHT-
HBIMH YesToBe4eCKUMHU nuTokuHamu — IL-8 u IL-10 B koHmentpamusx 1 ur/mi (Thermo
Fisher Scientific). Koutponbhas rpymma cocrtosuia u3 mramma L. rhamnosus,
BeIpanieHHoro Ha cpege MRS ¢ poOaBieHMeM J€MOHM3WPOBAHHON BOJBI U
pekombunantHoro 6enka GFP (Thermo Fisher Scientific). TpanckpunroMHubiii aHamu3
MIPOBOJIMJIN B 3KCTIOHEHIMATBHOH (paze pocta (OD600 = 1.2). DkCriepuMEHT MPOBOAMIIN
B Tpex moBTopax. Tortamenyro PHK Bbimensim u3 2 Mit KyJabTypbl KJIIETOK, IMpeaBa-
purensHO 0o0paboraB 1 mi pearenra RNAprotect Bacteria Reagent (Qiagen) mis
crabmwmmsanuu PHK. Kietkn paspymamn B 2 mi mpooupkax Lysing Matrix B ¢
momonrsio mpuoopa MagNA Lyzer (Roche) B reuenne 30 cexyna. s Beinenenns PHK
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UCIIONIb30BaNIK aBToMaTH4eckyto craniuio KingFisher Flex u nrabop MagMAX mirVana
Total RNA Isolation Kit (ThermoFisher Scientific). KonudecTBo 1 kauecTBO BbIIICICH-
Ho# PHK onenuBanu ua ¢iryopumerpe Qubit ¢ Habopom Quant-it RiboGreen RNA assay
kit (Thermo Fisher Scientific) u Bioanalyzer 2100 ¢ aummom RNA 6000 Pico (Agilent
Technologies) coorBercTBeHHO. {1 MPUTOTOBICHUS TPAHCKPHUIITOMHBIX OHOJIMOTEK
Oopamu 200 mr TtotampHOM PHK. VYmanenmme pumbocomanbnoit PHK mpoBommmu ¢
momomrsio Habopa Ribo-Zero Plus rRNA Depletion Kit (lllumina), 6ubmmoTexu
rotoBwin ¢ nomortnsio Habopa NEBNext Ultra Il Directional RNA Library Prep Kit
(NEB). KauecTBo 1 pazmep OubIHOTEK OLICHHBAIIU C TIOMOIIbI0 Habopa High Sensitivity
DNA Kit (Agilent Technologies), a xoHIeHTpamHo0 OUOIHOTEK M3MEPSIH HAOOPOM
Quant-iT DNA Assay Kit, High Sensitivity (Thermo Fisher Scientific). ITocie sToro
SKBUMOJISIPDHO OOBENWHSIN OMONMMOTEKM M Pa3BOAWIM 1O KOHEYHOW KOHIEHTpAIMH
12 M. CeksenupoBanne mpooamwiu Ha taardgopme HiSeq 2500 (lllumina) c
ucronb3oBanreM Habopa HiSeq Rapid SBS Kit v2 (50 mukinos) u HiSeq SR Rapid
Cluster Kit v2, no6asnsumn 1 % Phix (Illumina) B kadecTBe BHYTpEHHETO KOHTPOJIS.
KouTposs kadectBa npouteHui npoBoawiu ¢ nomorbio FastQC v0.12.1. BeipaBHu-
BaHHE Ha pedepeHCHBI reHoM — ¢ momoripio HISAT2 v2.2.1. Ouenky kadecTBa
COMNOCTaBJICHHBIX TpouTeHuii mpoBoawian QualiMap v.2.2.2-dev. Konsepraumio u3
¢opmata SAM B popmar BAM, a Takke X COPTHPOBKY M HMHICKCAIUIO JICIAIHU C
nomortieio SAMtools v1.18. Tloacder mpoyTeHHH, COTJTACOBAHHBIX C T'€HOMHBIMH
aHHOTaIMsAMH, — ¢ momonipio featureCounts v2.0.6. TuddepeHmanisHyro 3KCIpeccuio
renoB (JIOI') onpemensii ¢ momomipio maketa edgeR 3.40.2 mms R v4.1.2.
OyHkuuoHanbHasg aHHoTauus JIOI' ¢ moMmouiplo Kiactepa OPTOJIOTMYHBIX T'€HOB
(Cluster of Orthologous Genes, COG) ¢ ucnons3oBanreM HHCTpyMeHTa reCOGnizer
v1.10.1. ®unoreHernveckoe NPOPUIMPOBAHUE COCTOSUIO M3 HECKOJIBKHX JTaroB:
CHavaya OmpeneNsuii opTorpymmsl B TeHomax Lacticaseibacillus. Tanee crpommuch
OWHapHBIE BEKTOPHI JUII 0003HAYCHUS IPUCYTCTBHS WIIK OTCYTCTBUS B TEHOMAaX. 3aTeM
ObUIa co3AaHa MaTpHUIlA MAPHBIX PACCTOSHUNA MEXIY STUMH BEKTOPAaMH, MOCJE Yero
Obula TpoBefieHa TPyNmUpoBKa ¢uiioreHetuueckux npoduierr (PII) B mporpamme
OrthoFinder v.2.5.4. ®II 6butk co3abl st 163 MOJHBIX TEHOMOB IPEICTaBUTEINCH
Lacticaseibacillus, sxmogas L. rhamnosus K32. TTonapHoe paccrosiaue mexay DIT
paccUUTHIBAJIH C TOMOIILI0 Mephl JKakkapa. ['eHbl 00beIMHSUIN B TPYIIITBI HA OCHOBaHUH
MUHUMAIIBHBIX TapHBIX paccrosHui mexay DIl (orceuenme = 0.001) B matpure
paccrosiauil, pusndeckoit onmmzoctu (B mpeaenax 10 000 m. H.) B ipenenax 0HOM BETBU
1 COBMECTHOH pETYJISIINU BCeX THOB B Tpynmax. J{Js 3Toro aHanu3a ObUT UCTIONIE30BaH
cobcrBennblit ckpunt Python v.3.10.2 (github.com/LabGenMO/phylo-profiling/blob/
master/ldentification%200f%20connected%20genes.ipynb).

Pesynomamur: B xoze ucciieoBanus NpoBeeHa OlleHKa BO3/ICHCTBHS IUTOKUHOB |L.-8
u IL-10 Ha kynprypy Lacticaseibacillus rhamnosus. Hamu skcriepuMeHThI mokasaiy,
4TO NpUCyTCTBHE B cpene muTokuHOB IL-8 u IL-10 He BimMseT Ha CKOpoCTh pocrta
KyJIbTypbl. OIHAKO 3TH HUTOKHHBI MOTYT BIIUATH Ha 3KCIIPECCUIO T€HOB, HE CBSI3aHHBIX
¢ poctoM KieTok. [l janpHEHIIero nmoHUMaHUs MEXaHH3MOB, JISKAIIUX B OCHOBE
peaknuy JIakToOAlMUl Ha BOCHAJICHWE, MBI TPOBEIM BBICOKOIIPOM3BOJIUTENHEHOE
CeKBEHHpOBaHME TpaHCKpunToma mramma L. rhamnosus K32 B skcrnoHeHIMaTbHON
¢daze pocTa B DKCINEPUMEHTAIBHBIX U KOHTPOJIBHBIX YCIOBUSIX B TPEX HE3aBHCHMBIX
Ouonornueckux mnopropax. beuto BeusiBieno 57 JOI mms IL-8 u 72 mnsa 1L-10,
IKCTPECCHs KOTOPBIX HM3MeHsutach Ooniee yem B 2 paza (FC > |2|, FDR < 0.05).
OyHKIMOHANBHBIA aHanu3 JOI' ¢ MOHMKEHHON 3KCIpeccHel Moka3al M3MEHEHHs B
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kareropusix K (tpanckpunuusi), G (TpancmopT u merabomusm yrieBonoB) u C
(mpon3BOACTBO U Mpeobpa3oBaHue SHepruu). B 3Tux rpynnax HabmoAanocs 60bIIoe
kommdectBo 2T, oommx mms IL-8 u IL-10. Kpome Toro, mrst IL-10 mabmromamoch
noBeiieHre 3kcnpeccur rena (QJQ50_RS00105), orHocsiierocss k kareropuun V
(3amuTHBIE MexaHM3Mbl), a ansa 1L-8 — rena (QJQ50_RS04340), oTHOCsImIETOCA K
kareropun M (bHoreHe3 KIeTOYHOW CTEHKH/MEMOpPaHBI/000I0YKH). AHAIN3 BBISBIII
3HAYUTENHHYIO JIOJI0 TeHOB, CBA3AHHEIX ¢ QochoTpancdepasHoil CHCTEMO, KOTOpbIe
JEMOHCTPHPOBAIN CHI)KEHHUE IKCIIPECCUH TT0ciIe 00paboTKH 00OMMH IIUTOKMHAMHE. DTa
CHUCTEMa XOPOIIO M3YyYeHa C TOYKH 3PEHHsS €€ y4acThsl B MOTJIOMICHUH W YTHIU3AlHUN
YIIeBOMHBIX cyOcTparoB. HabnromaeMoe CHIDKEHHE SKCIPECCHH T€HOB, CBSI3aHHBIX C
TPaHCHOPTOM H MeTa0OJM3MOM YIJIEBOJIOB, MPOU3BOJACTBOM M TNpeoOpa3oBaHUEM
SHEPTUH, a TaK)Ke TPAHCKPHUIILUEH, OTpaKaeT YMEHBbIICHUE METa0ONINYeCKON aKTHB-
Hoctu L. rhamnosus K32. Dro yka3piBaeT Ha amanTandio KyJIbTYpbl B OTBET Ha
Bo3nmetictBue THUTOKMHOB IL-8 m IL-10, 9ro sBIseTcs 3amMTHON peakIuer Ha
W3MEHEHHBIE YCIIOBUS OKpyKaromen cpenapl. Jis BBISBICHHUS NPEANOJIaraeMbIX
oneponoB B JIDI" mbl ucnonszoBanu OII. Beuto BBRISIBICHO AECSTH MPEANOiIaraeMbIX
OTepoOHOB B oOpasmax, oOpabortanHbix IL-8, w neBATH oOmepoHOB B 0OpasIax,
obpaboTannbix |1L-10, cogepxarux apa win Oosiee QyHKIIMOHAIBHO CBSI3aHHBIX TCHA.
OO0HapyKeHue TpyII TEHOB B OJHOM omepoHe moj BosaeiictBuem IL-8 u IL-10
MPEoIaraeT, 4TO B OTBET HA 3TH IIUTOKUHBEI OaKTEPHH MOTYT PETyITUPOBAThH KIIOYEBHIE
OMOXMMHUYECKHE TYTH. JTO MOXET WMETh 3HAUWTENbHBIE TIIOCIEACTBHS IS WX
MeTaboM3Ma, OTBETa Ha CTPECC M B3aUMOJICHCTBUS ¢ HMMYHHOU CHCTEMO# X03suHa. B
CBOIO OYepe]lb, ITO MOXKET CIOCOOCTBOBATh aJlaNTalliy OaKTEPHH K BOCIAIHTEITHHON
cpelie MM MOTYJISIINH BOCTIATUTENLHOTO MpoIiecca.

Buigoowi: TlonmydeHHble pe3ylbTaThl MOKa3bIBAIOT, KaK BO3ACHCTBHE MPOTHBOBOCIIA-
JIMTCIIBHBIX MW HNPOBOCHAIMTCIIbBHBIX HUTOKWHOB HU3MCHACT HpO(I)I/LHI/I OKCIpECCUn 'y
mrammoB L. rhamnosus K32. CHmkeHue aKTMBHOCTU TI'€HOB, 3aJcHCTBOBAHHBIX B
SHEPTEeTHYECKHX MPOIIeccax, TAKMX KaK YrIeBOJHBII OOMEH U TPAHCIIOPT, CTUMYJTUPYET
Mepexo]] KIETOK B PEKUM MUHUMAIHHOTO B3aUMOJCUCTBUSI ¢ BHEIIHEH Cpenoil. DToT
aJIalITUBHEIN TepPex0/]l CIIOCOOCTBYET 3KOHOMUH U TIEpEPACIIPENIETICHAI0 PECYPCOB IS
MOIIEPKAHMSI KU3HECTIOCOOHOCTH KIIETOK W aKTUBUPYET 3alllUTHBIE MEXaHWU3MbI B
YCIIOBHSIX BOCTIAJIUTENEHOTO CTpecca.

Qunarncuposanue: ViccnenoBaHue BEITIOIHEHO 3a CUET rpaHTa Poccuiickoro HayqHOTO
donma Ne 22-75-10029, https://rscf.ru/project/22-75-10029/.
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Motivation and Aim: Current research highlights the dynamic interaction between the
gut microbiota and the immune system. Immune factors, including cytokines,
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significantly influence the diversity of the gut microbiota, affecting its composition and
functionality, which in turn impacts health and immunity. Special attention should be
given to lactobacilli and bifidobacteria, which possess pronounced immunomodulatory
properties. These microorganisms adapt to the effects of cytokines, which aids their
survival and function in the gut environment. This study aims to understand the
mechanisms of interaction between the microbiota and the host organism, considering
microorganisms not only as potential indicators of changes in the host's condition but
also as active participants in the immune response. This opens up new approaches to
regulating the immune system through manipulation of the microbiota and offers new
strategies for improving human health. However, a key aspect of this research is the
study of the bidirectional signaling system that has evolved through the coevolution of
the host and its microbiota. In particular, short peptide sequences (cytokines) are
investigated, which can signal inflammatory processes and allow the microbiota to adapt
to an upcoming immune response, thereby facilitating its survival.

Methods and Algorithms: In this study, we used the strain L. rhamnosus K32 (GenBank
JNNV000000). Cultivation was carried out in Lactobacillus MRS Broth (HiMedia) at
37 °C under anaerobic conditions (HiAnaerobic System, HiMedia). The overnight
culture of the strain was diluted in a ratio of 1:100 in 2 ml of medium. Experimental
samples were treated with lyophilized recombinant human cytokines — IL-8 and 1L-10
at concentrations of 1 ng/ml (Thermo Fisher Scientific). The control group consisted of
L. rhamnosus cultured in MRS medium with the addition of deionized water and
recombinant GFP protein (Thermo Fisher Scientific). Transcriptomic analysis was
conducted during the exponential growth phase (OD600 = 1.2). The experiment was
carried out in triplicate. Total RNA was extracted from 2 ml of cell culture, after treating
1 ml with RNAprotect Bacteria Reagent (Qiagen) for RNA stabilization. Cells were
lysed in 2 ml Lysing Matrix B tubes using the MagNA Lyzer (Roche) for 30 seconds.
RNA was extracted using the KingFisher Flex automated station and the MagMAX
mirVana Total RNA Isolation Kit (ThermoFisher Scientific). The quantity and quality
of the extracted RNA were assessed on a Qubit fluorometer with the Quant-it RiboGreen
RNA assay kit (Thermo Fisher Scientific) and the Bioanalyzer 2100 with the RNA 6000
Pico chip (Agilent Technologies), respectively. For the preparation of transcriptomic
libraries, 200 ng of total RNA was used. Ribosomal RNA removal was performed using
the Ribo-Zero Plus rRNA Depletion Kit (Illumina), and libraries were prepared using
the NEBNext Ultra Il Directional RNA Library Prep Kit (NEB). The quality and size of
the libraries were evaluated using the High Sensitivity DNA Kit (Agilent Technologies),
and the library concentration was measured with the Quant-iT DNA Assay Kit, High
Sensitivity (Thermo Fisher Scientific). Libraries were then equimolarly pooled and
diluted to a final concentration of 12 pM. Sequencing was performed on the HiSeq 2500
platform (Illumina) using the HiSeq Rapid SBS Kit v2 (50 cycles) and HiSeq SR Rapid
Cluster Kit v2, with 1 % Phix (lllumina) added as an internal control. Quality control of
the reads was conducted using FastQC v0.12.1. Alignment to the reference genome was
performed using HISAT2 v2.2.1. Quality assessment of aligned reads was done with
QualiMap v.2.2.2-dev. Conversion from SAM to BAM format, as well as their sorting
and indexing, were performed using SAMtools v1.18. Counting of reads aligned with
genomic annotations was done using featureCounts v2.0.6. Differential gene expression
(DGE) was determined using the edgeR package 3.40.2 for R v4.1.2. Functional
annotation of DGE was performed using the cluster of orthologous genes (COG) system
with the tool reCOGnizer v1.10.1. Phylogenetic profiling consisted of several stages:
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firstly, ortho groups were identified in Lacticaseibacillus genomes. Binary vectors were
then constructed to denote the presence or absence in genomes. A matrix of pairwise
distances between these vectors was created, after which phylogenetic profiles (PP) were
clustered using OrthoFinder v.2.5.4. PPs were created for 163 complete genomes of Lactica-
seibacillus representatives, including L. rhamnosus K32. Pairwise distances between PPs
were calculated using the Jaccard measure. Genes were grouped based on the minimal
pairwise distances in the distance matrix (cutoff = 0.001), physical proximity (within 10,000
bp) within a branch, and co-regulation of all genes in groups. This analysis was performed
using a custom Python script v.3.10.2 (github.com/LabGenMO/  phylo-
profiling/blob/master/Identification%200f%20connected%20genes.ipynb).

Results: During the study, we evaluated the impact of cytokines IL-8 and I1L-10 on the culture
of Lacticaseibacillus rhamnosus. Our experiments demonstrated that the presence of IL-8
and IL-10 in the medium does not affect the growth rate of the culture. However, these
cytokines can influence the expression of genes unrelated to cell growth. To further
understand the mechanisms underlying the lactobacilli's response to inflammation, we
performed transcriptomic sequencing of the L. rhamnosus K32 strain during its exponential
growth phase under experimental and control conditions in three independent biological
replicates. We identified 57 differentially expressed genes (DEGs) for IL-8 and 72 for IL-
10, with expression changes of more than two-fold (FC >|2|, FDR < 0.05). Functional
analysis of the downregulated DEGs revealed changes in categories K (transcription), G
(carbohydrate transport and metabolism), and C (energy production and conversion). These
groups showed a significant number of DEGs common to both IL-8 and I1L-10. Additionally,
for IL-10, there was an increase in the expression of gene (QJQ50_RS00105) belonging to
category V (defensive mechanisms), and for IL-8, an increase in gene (QJQ50_ RS04340)
belonging to category M (biogenesis of cell wall/membrane/envelope). The analysis revealed
a significant proportion of genes associated with the phosphotransferase system, which
downregulated after treatment with both cytokines. This system is well-studied for its role in
the uptake and utilization of carbohydrate substrates. The observed decrease in the
expression of genes related to carbohydrate transport and metabolism, energy production and
conversion, and transcription reflects a decrease in the metabolic activity of L. rhamnosus
K32. This indicates an adaptation of the culture in response to the cytokines IL-8 and IL-10,
which is a protective response to the changed environmental conditions. To identify putative
operons in DEGs, we used phylogenetic profiling. Ten putative operons were identified in
samples treated with 1L-8, and nine operons in samples treated with 1L-10, containing two
or more functionally linked genes. The detection of these gene groups in a single operon
under the influence of IL-8 and IL-10 suggests that in response to these cytokines, bacteria
may regulate key biochemical pathways. This could have significant implications for their
metabolism, stress response, and interaction with the host immune system. In turn, this may
contribute to bacterial adaptation to the inflammatory environment or modulation of the
inflammatory process.

Conclusions: The results demonstrate how the exposure to anti-inflammatory and pro-
inflammatory cytokines alters the expression profiles in strains of L. rhamnosus K32. The
reduction in the activity of genes involved in energy processes, such as carbohydrate
exchange and transport, stimulates the transition of cells to a mode of minimal interaction
with the external environment. This adaptive transition facilitates the conservation and
redistribution of resources to maintain cell viability and activates protective mechanisms in
conditions of inflammatory stress.

Funding: Financial support for this study was provided by the Russian Science Foundation
under the grant number 22-75-10029, available at https://rscf.ru/project/22-75-10029/.
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